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P-glycoprotein (P-gp) is a plasma membrane ATP-binding cassette
transporter, responsible for multidrug resistance in tumor cells.
P-gp catalyzes the ATP hydrolysis-dependent efflux of numerous
amphiphilic compounds of unrelated chemical structures. In the
absence of any identified substrate, P-gp exhibits an apparently
futile, basal ATPase activity. By using native membrane vesicles
containing high amounts of P-gp, we show here that (i) this basal
ATPase activity is tightly dependent on the presence of cholesterol
in the membrane; (ii) the stimulation of P-gp ATPase activity by
drugs transported by P-gp is higher in the absence than in the
presence of cholesterol and, conversely, the stimulation of P-gp
ATPase activity by cholesterol is higher in the absence than in the
presence of known P-gp substrates; (iii)) P-gp mediates the ATP-
dependent relocation of cholesterol from the cytosolic leaflet to
the exoplasmic leaflet of the plasma membrane; and (iv) the
decrease of the cholesterol dependence of P-gp ATPase activity
induced by known P-gp substrates is correlated with the inhibition
of the ATP-dependent cholesterol redistribution within the mem-
brane. These data are highly evocative of a coupling between the
basal ATPase activity of P-gp and its intramembrane cholesterol-
redistribution function, and they are fully consistent with the
possibility that P-gp may actively translocate cholesterol in the
membrane. Finally, this P-gp-mediated cholesterol redistribution in
the cell membrane makes it likely that P-gp contributes in stabi-
lizing the cholesterol-rich microdomains, rafts and caveolae, and
thatitis involved in the regulation of cholesterol trafficking in cells.

P-glycoprotein (P-gp) is an ATP-binding cassette (ABC)
transporter responsible for the multidrug resistance (MDR)
phenotype when overproduced in the plasma membrane of
tumor cells (1). P-gp exhibits an ATP hydrolysis activity, coupled
to the efflux of a variety of hydrophobic molecules (2, 3).
Different physiological roles have been proposed for P-gp,
including cellular detoxification (4), lipid flip-floppase activity
(5), and the secretion of steroid metabolites (6). In the absence
of any known transport substrate, P-gp exhibits a basal ATPase
activity, which is unusual for an active transporter (3). It has been
suggested that this P-gp basal activity reflects the presence of an
unknown endogenous substrate (5, 7). Some relationships have
been reported between P-gp and cellular cholesterol: (i) P-gp
expression is regulated by cholesterol levels (8); (if) P-gp is
predominantly localized in cholesterol-rich membrane microdo-
mains, referred to as “lipid rafts” (9); and (iii) when P-gp is
reconstituted in proteoliposomes with cholesterol (7), it exhibits
a higher basal ATPase activity than in the absence of cholesterol
(10), as recently confirmed by a direct comparison (11). These
observations prompted us to investigate whether a functional
link exists between P-gp and cholesterol.

Materials and Methods

Membrane Vesicles. Human P-gp-containing membranes (pur-
chased from Interchim, Montlucon, France) were prepared
according to Sarkadi et al. (12) from baculovirus-infected Sf9
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insect cells transfected with the human MDRI gene; control
membranes were prepared from insect cells infected by wild
baculovirus. The MDR cell line DC-3F/ADX was originally
selected from spontaneously transformed Chinese hamster lung
fibroblasts DC-3F (13). Overexpression of the pgp! gene confers
to these cells a high resistance to various drugs. In these cells,
P-gp represents 15% (w/w) of total membrane proteins, and it
is the only membrane protein so highly overexpressed with
respect to the parental sensitive cells (DC-3F line) used to
prepare the control vesicles, in which P-gp was undetectable (13).
DC-3F/ADX and DC-3F cell lines are grown to confluence in
roller bottles and harvested by scraping in the presence of
protease inhibitors. Membrane vesicles are prepared from
DC-3F or DC-3F/ADX cells by sonication as described (13).
Membrane protein concentration was determined by the Brad-
ford method by using a protein assay kit (Bio-Rad) with BSA as
the standard.

Control of the Membrane Cholesterol Content. Membrane vesicles
were incubated in buffer A (30 mM Tris'HCl, pH 7.5/100 mM
NaCl/10 mM KCl/2 mM MgCl,) for different periods at 37°C
with various concentrations of methyl-B-cyclodextrin (from a
100 mM stock solution in water). The vesicles were then sedi-
mented by centrifugation at 95,000 X g for 15 min (4°C), and
membrane cholesterol concentration was measured in the re-
suspended pellet. The cholesterol contents of membrane vesicles
solubilized by 10 mM SDS was assayed by using an assay based
on cholesterol oxidation (““Cholesterol 20 Total” kit, Sigma).
The production of a quinoneimine was measured by spectro-
photometric detection at 500 nm. Cholesterol concentration in
the medium was determined by comparison with a standard
cholesterol solution (Sigma), and expressed as a ratio to the
protein content as assayed by the Bradford method.

ATPase Activity Measurements. ATPase activity of membrane
vesicles (14-22 pg of membrane protein/ml) was measured at
37°C in buffer A supplemented with 1 mM MgATP/1 mM
phosphoenolpyruvate/0.1 mg/ml of pyruvate kinase/0.1 mg/ml
of lactate dehydrogenase by continuous monitoring of NADH
absorbance at 340 nm with a coupled enzyme assay as described
(13). Measurement accuracy was estimated by the error on the
determination of the rate of NADH absorption decrease (=1
mADb unit/min). Ion transport ATPases were specifically inhib-
ited by 10 mM sodium azide/0.5 mM ouabain/1 mM EGTA (13).
The stock solutions were prepared in DMSO for verapamil and
vinblastine and in ethanol for cholesterol, progesterone, cyclo-
sporin A, and PSC833. PSC833 was a kind gift from B. Willi
(Novartis Pharma AG, Basel, Switzerland). The maximal
amount of solvent added to the assay medium was 2%, and it did
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not alter P-gp ATPase activity. The difference between the
ATPase activity of the P-gp-containing membrane vesicles
(190 = 25 nmol'min~!mg protein—') and the ATPase activity of
control vesicles (40 = 5 nmol'-min~!mg protein~!) was assigned
to P-gp (13).

Radioactivity Measurements. Membrane vesicles (0.03-0.1 mg of
protein/ml) in buffer A supplemented with 1 mg/ml of BSA/5
mM phosphoenolpyruvate/0.1 mg/ml of pyruvate kinase were
incubated at 37°C for various times in the presence of radiola-
beled cholesterol {[1a,2a(n)-*H]cholesterol, Amersham Phar-
macia} and various cholesterol concentrations with or without 1
mM MgATP. Vesicles (1 ml) were then perfused on a Gelman
A/E glass-fiber filter soaked in distilled water. The filter was
rinsed with buffer A, and the total radioactivity associated with
the filter was counted by liquid scintillation. The amount of
nonspecific cholesterol binding to the filters was unaffected by
the presence of ATP in the medium. In control experiments, the
binding to the filter and the passive [3H]cholesterol association
to P-gp-free vesicles were unchanged in the presence of 5 uM
vinblastine, 25 uM verapamil, or 75 uM progesterone.

Determination of Cholesterol Accessibility to Cholesterol Oxidase.
Membrane vesicles (0.15-0.3 mg protein/ml) were incubated for
15 min at 37°C in the presence or in the absence of 1 mM ATP
in buffer A supplemented with 5 mM phosphoenolpyruvate and
0.1 mg/ml pyruvate kinase. Cholesterol oxidase (Sigma) was then
added at a final concentration of 5-7.5 units/ml to the reaction
medium and was incubated at 37°C for various times. The
reaction was stopped by centrifugation (95,000 X g for 10 min at
4°C). The pellet was resuspended in buffer A, and cholesterol
and protein concentrations were quantitated.

Results and Discussion

Influence of Cholesterol on P-gp ATPase Activity. To determine
whether cholesterol affects P-gp function, we used methyl-B-
cyclodextrin (MBCD) to extract cholesterol from the lipid phase
of native membrane vesicles containing P-gp or not. The P-gp-
containing membrane vesicles were prepared either from Sf9
cells that had been transfected with the human MDRI gene
(“P-gp-transfected membranes”) or from MDR cells (DC-3F/
ADX line) which highly overproduce P-gp (“MDR vesicles”)
(13). MBCD is a highly hydrophilic cyclic oligosaccharide that
specifically traps cholesterol, rather than other membrane lipids
(14), without causing further membrane perturbation by inser-
tion (15). Cholesterol content (90 = 4%; n = 12) was removed
from membrane vesicles by incubating the vesicles with 10 mM
MPBCD for 1 h at 37°C. When P-gp-transfected membranes or
MDR vesicles were treated with increasing concentrations of
MBCD (up to 5-10 mM), the membrane-associated ATPase
activity decreased (Fig. 1 A and B). In contrast, the ATPase
activity of the control membranes prepared from nontransfected
S19 cells increased under the same conditions. This enhancement
is not due to vesicle permeabilization because the activity of the
membrane ion ATPases, measured under the standard condi-
tions but omitting the inhibitors azide, ouabain, and EGTA, was
unchanged. After subtraction of the control membrane ATPase
activity from the activity of the P-gp-transfected membranes, it
seems that the specific ATPase activity due to P-gp was totally
inhibited in the presence of 5-10 mM MBCD (Fig. 14). In MDR
vesicles, the ATPase activity that remained after subtracting the
ATPase activity of control vesicles (prepared from parental
drug-sensitive DC-3F cells) can be attributed to P-gp, because
P-gp is the only highly overproduced protein but it cannot be
detected in the control vesicles (13). This subtraction gave the
same result as when the P-gp-transfected membranes are used—
i.e., the P-gp basal ATPase activity was largely inhibited after
cholesterol depletion by MBCD.
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We also used digitonin, a surfactant known to chelate cho-
lesterol within the membrane phase (16). Digitonin (up to 250
uM) also induced a large decrease in the ATPase activity of the
MDR vesicles such that it reached the level of the control
vesicles, whose ATPase activity was partially inhibited (data not
shown) in contrast to the MBCD treatment. Thus, the chelation
of membrane cholesterol has a specific inhibitory effect on the
basal ATPase activity of P-gp, and this inhibitory effect is
independent of the way in which cholesterol is removed. At this
point, the cholesterol dependence of P-gp ATPase could be due
to a structural requirement of P-gp for a specific lipid environ-
ment, as for many membrane proteins (17). Alternatively, it may
reveal a specific functional role for cholesterol, and fur-
ther experiments were designed to investigate the action of
cholesterol.

Addition of exogenous cholesterol (from a stock solution in
ethanol) to cholesterol-depleted P-gp-transfected membranes or
MDR vesicles (obtained after MBCD treatment: 10 mM, 1-h
incubation, 37°C) led to the complete recovery of P-gp ATPase
activity. The ATPase activity of cholesterol-depleted P-gp-
transfected membranes rose when cholesterol was added be-
tween 10 and 200 uM (Fig. 1C). These concentrations also
induced a more moderate increase in the activity of untreated
P-gp-transfected membranes (Fig. 1C). The addition of exoge-
nous cholesterol also stimulated P-gp ATPase activity in MBCD-
treated MDR vesicles, with a half-activating cholesterol concen-
tration of about 20-30 uM (Fig. 1D). This addition of exogenous
cholesterol also restored the activity level to that of the untreated
MDR vesicles, which, in this case, was not significantly modified
by the addition of cholesterol (Fig. 1D). The different responses
of the two types of native, untreated membranes from insect and
mammalian cells to the addition of cholesterol may be related to
their very different cholesterol contents: the Sf9 membranes
contain 2 = 1% (wt/wt membrane proteins) cholesterol and the
MDR membranes contain 16 = 6% (wt/wt). The full reactiva-
tion of P-gp basal ATPase activity showed that cholesterol
depletion does not irreversibly denature the enzyme and con-
firms that cholesterol is directly involved in basal ATPase
activity. The similar cholesterol dependence of basal ATPase
activity in P-gp-transfected membranes and in MDR vesicles, the
cholesterol composition and the high amount of P-gp in MDR
vesicles validated the further use of the MDR vesicles.

In cholesterol-depleted MDR vesicles, P-gp exhibited an
ATPase activity in the presence of various P-gp substrates, such
as verapamil or progesterone, which stimulate P-gp ATPase
activity in native membranes. Increasing verapamil concentra-
tions increased P-gp ATPase activity, with a bell-shaped curve
characterized by a similar half-activating concentration and a
slightly lower maximal activity value (at about 25 uM verapamil)
than in native MDR vesicles (Fig. 24). After cholesterol deple-
tion, progesterone also stimulated P-gp ATPase with a bell-
shaped curve close to that determined with native MDR vesicles
(data not shown). Therefore, P-gp is fully functional in choles-
terol-depleted MDR vesicles and is able to interact with its
substrates. Furthermore, the verapamil- and progesterone-
dependent ATPase activation is clearly higher in cholesterol-
depleted vesicles than in native vesicles (180 vs. 110
nmol'-mg~»min~! for verapamil; see Fig. 24). Conversely, in the
presence of saturating concentrations of verapamil (=25 uM) or
progesterone (=75 uM), the ATPase activation induced by
adding exogenous cholesterol is clearly less marked than in the
absence of drug (Fig. 2B for verapamil, and not shown for
progesterone). Thus, in the presence of these drugs P-gp ATPase
activity is only moderately modulated by cholesterol, whereas
P-gp basal ATPase activity is strongly and reversibly dependent
on the presence of cholesterol in the membrane. This result
shows that the activating role of cholesterol is influenced by the
saturation state of P-gp transport sites, and is thus probably due
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Effect of cholesterol on basal P-gp ATPase activity. (A and B) ATPase activity was measured in the presence of increasing concentrations of

methyl-B-cyclodextrin in P-gp-containing vesicles prepared from Sf9-transfected cells (®, A), MDR cells (®, B), or from the corresponding P-gp-free vesicles (O,
A and B). In the vesicles from transfected cells, the P-gp-specific ATPase activity was obtained by subtracting the activity of the control vesicles from the activity
of the P-gp-containing vesicles (®, A). (Cand D) ATPase activity was measured in the presence of increasing concentrations of cholesterol on untreated (triangles)
or cholesterol-depleted vesicles (10 mM MBCD, 1 h, 37°C) prepared from Sf9-transfected cells (®, C) or MDR cells (®, D). In vesicles from transfected cells (C), the
P-gp-specific ATPase activity obtained by subtracting the activity of the control vesicles from the activity of the P-gp-containing vesicles was plotted directly. Error

bars represent measurement accuracy.

to a direct interaction with P-gp rather than to a less specific
effect mediated by the lipid phase. In addition, the ATPase
activating effect induced by either verapamil (or progesterone)
or cholesterol alone is more marked than in the presence of the
other, independently of their order of addition. This observation
suggests similar roles of drugs known as P-gp substrates (such as
verapamil and progesterone) and of cholesterol for stimulating
P-gp ATPase activity.

Role of P-gp on Cholesterol Distribution Within the Membrane. To test
directly whether P-gp can use cholesterol as a substrate, we
performed uptake experiments by using radiolabeled choles-
terol. When MDR vesicles were incubated for 15 min at 37°C
with 0.3 uM [*H]cholesterol, an ATP-dependent retention of
radioactivity was observed in MDR vesicles (Fig. 3). The asso-
ciation of radioactivity was 1.49 = 0.18 (SEM, n = 8) fold higher
in the presence of ATP than in its absence (P = 0.028 for the
paired Student’s ¢ test). In contrast, [*H]cholesterol association
with the control vesicles devoid of P-gp did not depend on ATP

Garrigues et al.

(Fig. 3). When MDR vesicles were incubated for shorter periods,
up to 1 min at 37°C, [*H]cholesterol association was the same
regardless of whether ATP was present (data not shown), which
indicates that the presence of ATP alone is not sufficient to
induce the ATP-dependent association of [*H]cholesterol and
that a significant hydrolysis of MgATP is required. The time
dependence of [*H]cholesterol association with the MDR vesi-
cles gives a crude determination of the rate at which P-gp
incorporates cholesterol into the vesicles, ranging from 1 to 3
nmol'mg~min~! at 10 uM exogenous cholesterol. The reacti-
vation curve in Fig. 1D shows an increase of ATP hydrolysis rate
of about 20 nmol'mg~!min~! at 10 uM cholesterol compared
with the rate in the absence of cholesterol. A value of about 0.1
for the stoichiometry between cholesterol uptake and choles-
terol-induced ATPase activity makes reasonable the possibility
of a functional link between ATP hydrolysis and ATP-dependent
cholesterol association to vesicles. The ATP-dependent associ-
ation of [*H]cholesterol to MDR vesicles was inhibited by 5 uM
vinblastine, 25 uM verapamil, or 75 uM progesterone (Fig. 3),
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Fig. 2. Effect of cholesterol on drug-stimulated P-gp ATPase activity. (A)
ATPase activity was measured in the presence of increasing concentrations of
verapamil on native MDR vesicles (A) or on cholesterol-depleted MDR vesicles
(treated with 10 mM MBCD for 1 h at 37°C) (®@). P-gp-specific ATPase activity
was plotted after subtraction of the activity of the control vesicles from the
activity of the P-gp-containing vesicles. (B) ATPase activity was measured in
the presence of increasing concentrations of cholesterol on cholesterol-
depleted MDR vesicles (10 MM MBCD, 1 h, 37°C) in the absence (O) or presence
(®) of 25 uM verapamil. Error bars represent measurement accuracy.

whereas smaller, nonsaturating concentrations [1 uM vinblas-
tine and 5 uM progesterone (18)] had no effect (data not shown).
The inhibition of ATP-dependent cholesterol association by
three different P-gp substrates further suggests that P-gp is
directly involved in the uptake of exogenous cholesterol by MDR
vesicles, even though no one of these substrates is highly specific
with respect to P-gp.

Because of its marked hydrophobicity, cholesterol preferen-
tially accumulates within the membrane rather than within the
vesicle lumen. To determine whether the ATP- and P-gp-
dependent uptake of cholesterol by MDR vesicles was caused by
cholesterol incorporation into the membrane from the aqueous
medium or by its translocation from one leaflet of the membrane
to the other, we performed accessibility experiments with cho-
lesterol oxidase. Cholesterol oxidase is generally used to distin-
guish between membrane cholesterol pools because it reacts with
the cholesterol molecules located on the external side of the
vesicle membrane (19). When MDR or control vesicles were
incubated with cholesterol oxidase in the absence of ATP, all of
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Fig. 3. ATP-dependent association of [3H]cholesterol to MDR vesicles. The
amount of [3H]cholesterol (0.3 uM) associated with the membrane vesicles
after 15 min at 37°Cin the presence or absence of 1 mM MgATP was measured
on MDR or P-gp-free vesicles in a representative experiment performed in the
presence and in the absence of P-gp transport substrates: vinblastine (VBL, 5
uM), verapamil (VRP, 25 puM), or progesterone (PRG, 75 uM). Cholesterol
association is expressed as a percentage of the passive cholesterol binding in
the absence of ATP, which was not significantly different for the five condi-
tions, with a mean value of 2.24 = 0.28 nmol/mg membrane proteins (SD, n =
5) and set at 100%. Error bars indicate the standard error of the mean.

the membrane cholesterol was oxidized with fairly monophasic
kinetics (Fig. 4), indicating a rather rapid spontaneous flip-flop
of cholesterol. When MDR vesicles were preincubated in the
presence of ATP, the cholesterol oxidation rate clearly de-
creased compared with the rate measured in the absence of ATP.
The period necessary for the oxidation of 50% of the cholesterol
(t12) increased by a factor of 2.9 * 0.4 (SEM, n = 8) in the
presence of ATP (Fig. 44), indicating that cholesterol is pref-
erentially located on the inner side of the vesicles hydrolyzing
MgATP." In contrast, no significant difference could be ob-
served between the accessibility of cholesterol to cholesterol
oxidase in control vesicles with or without ATP (Fig. 4B).* The
difference between ¢, measured in the presence or absence of
ATP in MDR vesicles was almost abolished after incubation with
2 uM PSC833, which is a specific P-gp inhibitor (20); 1, only
increased by a factor of 1.4 in the presence of ATP (Fig. 4C). A
similar effect was observed in the presence of 2 uM cyclosporin
A or 20 uM vinblastine (data not shown). The inhibitory effect
of the three different transport modulators of P-gp on the
ATP-dependent decrease of cholesterol accessibility to choles-
terol oxidase supports a direct involvement of P-gp in membrane

fIn the accessibility experiments, it is not necessary to use vesicles presenting a 100%
inside-out orientation because what is measured is the slowing down of cholesterol
oxidation induced by ATP. Indeed, the minor right-side-out vesicle population, which
represents 20-25% of the vesicle suspension, is not sensitive to the presence of ATP
because the vesicles are well closed, as shown by electron microscopy data (not shown).
Hence, the ATP-dependent effect observed on cholesterol accessibility to cholesterol
oxidase only involves the inside-out vesicles in the suspension.

*Either in the presence or absence of ATP, cholesterol oxidation follows a fairly monoex-
ponential kinetics, which can be described by its t1/2. This finding is consistent with a kinetic
scheme where the two pools of membrane cholesterol present in the inner and the outer
leaflets are in rapid equilibrium (with rate constants kout and kin for outward and inward
flux, respectively) compared with the oxidation rate (constant kc). In this case, the
observed rate for cholesterol decrease is: kobs = Kout kc/(kout + kin). In the absence of ATP,
cholesterol is only submitted to spontaneous flip-flop, with: kout = k+1, kin = k-1, and
k+1 = k-1, thus kobs = kc/2. In the presence of ATP, cholesterol is also translocated from
the outer to the inner leaflet of the vesicle membrane because of the action of P-gp, with
arate constant kp such as kout= k+1and kin= k-1 + kp, thus leading to a decreased kobs. The
observation of a 3-fold increase of the t1/2 of the reaction thus gives kin = 5 kout and kp =
A4k_q.

Garrigues et al.
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Fig. 4. ATP-dependent decrease in the accessibility of cholesterol to cholesterol oxidase in MDR vesicles. MDR vesicles (A and C) or control P-gp-free vesicles
(B) were incubated for 15 min at 37°C in the presence (filled symbols) or absence (open symbols) of 1 mM MgATP and in the absence (A and B) or in the presence
of 2 uM PSC833 (C). Cholesterol oxidase was added to the reaction medium (at 37°C) for various times before the reaction was stopped by centrifugation (at 4°C)
and the amount of remaining membrane cholesterol was determined. The total amount of membrane cholesterol was considered to be 100%. The amount of
cholesterol was measured to within 5%; the corresponding error bars are shown unless they are smaller than the symbol size.

cholesterol redistribution. Because no exogenous cholesterol was
added to the vesicles in these experiments, P-gp is responsible for
intramembrane cholesterol translocation between the leaflets
instead of mediating cholesterol exchange between aqueous bulk
medium and membrane.

To summarize, we presented evidence that (i) the basal
ATPase activity of P-gp reversibly vanishes on cholesterol
depletion of P-gp-containing membranes, whereas ATPase ac-
tivity in the presence of various drugs known to be P-gp
substrates is preserved; (if) cholesterol is specifically accumu-
lated in MDR vesicles when P-gp hydrolyzes ATP, whereas P-gp
modifies the membrane cholesterol distribution between the two
leaflets by an ATP-dependent mechanism; (iii) the decrease of
the cholesterol dependence of P-gp ATPase activity induced by
known P-gp ligands is correlated with the inhibition of the
ATP-dependent cholesterol redistribution within the mem-
brane. These results allowed us to conclude that P-gp actively
mediates a membrane cholesterol redistribution, according to a
coupling between stimulation of cholesterol-induced ATPase
activity and cholesterol translocation. However, this coupling
may be only apparent, resulting in indirect molecular mecha-
nisms: (i) intramembrane cholesterol redistribution could be a
secondary passive flux accompanying the active translocation of
another lipid mediated by P-gp, coupled to its basal ATPase
activity; (if) simultaneously, cholesterol could be an allosteric
activator, obligatory for P-gp basal ATPase activity, but optional
for the drug-stimulated activity, thus mimicking known P-gp
ligands for ATPase stimulation without being necessarily trans-
ported as a consequence of its binding to P-gp. Alternatively, the
cholesterol dependence of the ATP hydrolysis required for this
process can reflect the fact that P-gp catalyzes the transport of
cholesterol within the membrane, possibly by a cotransport with
other lipids. Accordingly, earlier observations on living cells
reporting the P-gp-mediated transport of sphingomyelin (21)
and of phospholipids (22, 23) might be explained by the transport
of these lipids together with cholesterol, either by the specific
cotransport of both substrates or by a passive flux of lipids
accompanying an active P-gp-mediated cholesterol transloca-
tion. No phospholipid translocase activity was detected for P-gp
in yeast secretory vesicles, which are devoid of cholesterol (24),
and a very low phospholipid translocase activity has been
recently reported for P-gp reconstituted into liposomes of egg
phosphatidylcholine (25). Finally, a direct cholesterol floppase
mechanism for P-gp is fully consistent with our observations

Garrigues et al.

that: (i) P-gp ATPase stimulation induced by P-gp substrates is
enhanced after cholesterol depletion, whereas cholesterol-
induced ATPase activation is higher in the absence of known
P-gp substrates (Fig. 2). (if) P-gp substrates are all hydrophobic
and handled within the membrane phase (3). (iii) Various
steroids are transported by P-gp (26, 27) and (iv) other mam-
malian ABC transporters are involved in lipid transport (28),
such as the phosphatidylcholine translocase MDR3 present in
the canalicular membrane of hepatocytes (29), the recently
cloned ABCAL1 transporter, which is responsible for the trans-
location of phosphatidylserine in macrophages (30), and BSEP
(“bile salt export pump,” also called “sister of P-gp,” Spgp,
because of its high sequence homology), which transports vari-
ous cholate derivatives—i.e., surfactants presenting a cholestane
structure (31).

Consequence of the P-gp-Induced Cholesterol Redistribution on
Plasma Membrane Structure and Function. Whatever the exact
molecular mechanism involved, our results showed that P-gp
mediates the flux of cholesterol from the cytosolic leaflet to the
exoplasmic leaflet. These results suggest that P-gp can be
involved in the cholesterol enrichment of the exoplasmic leaflet
of plasma membrane at the level of rafts and caveolae (32, 33).
This role is consistent with the finding that P-gp can be coim-
munoprecipitated with caveolin-1 (34), a cholesterol-binding
protein that is a main component of caveolae (35). Accordingly,
the amount of caveolin-1 in MDR cells is increased compared
with their parental sensitive cells (36). In the MDR DC-3F/
ADX cells, the amount of caveolin-1 is much higher in the
membrane fraction than in the whole-cell extracts (unpublished
data). Such relocation of caveolin-1 from the cytosol to the
plasma membrane in the MDR cells, which may raise the
question as to whether caveolin is required for the floppase
activity of P-gp, is consistent with the cholesterol enrichment of
the exoplasmic leaflet leading to stabilization and increased
number of caveolae by P-gp. This proposal is in line with the

A preferential handling by P-gp of cholesterol present in the cytosolic leaflet is consistent
with the observation that P-gp ATPase activity depends mainly on the cholesterol pool
which is the most easily chelated by MBCD, as shown by the fact that P-gp ATPase is nearly
completely inhibited when one half of total cholesterol is extracted from the membrane,
that is after 1-h incubation with 1-2 mM MBCD. Also, ATPase inhibition upon addition of
MBCD occurs faster (within 1 min) than the time required for total cholesterol depletion
(reached in more than 15 min).
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close correlation observed between expression of P-gp and
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involving caveolae (37), even if the precise role of caveolae in
cholesterol efflux and transport is still poorly understood (38).
More generally, the cholesterol redistribution within plasma
membrane induced by P-gp may affect cellular cholesterol
trafficking, which involves both the endogenous biosynthesis and
esterification of cholesterol in the endoplasmic reticulum, the
import of exogenous cholesterol from the low-density lipopro-
tein by endocytosis, and the export of cholesterol to the high-
density lipoprotein (39). This possibility is consistent with the
reported decreased flux of cholesterol from the plasma mem-
brane to the endoplasmic reticulum in the presence of P-gp
inhibitors (40) and with the increase in the uptake of exogenous
cholesterol in transfected cells producing P-gp (41). In addition,
the enrichment of cholesterol in the exoplasmic leaflet of the
plasma membrane may facilitate the efflux of cholesterol out of
the cell to the high-density lipoprotein, possibly in cooperation
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with ABCAL." Therefore, the cholesterol translocase activity of
P-gp may well be implicated in the regulation of the physiological
functions of rafts and caveolae (signal transduction, potocytosis)
and in general membrane trafficking. This new function assigned
to P-gp deserves additional experiments by using cultured cells,
and confirmatory data will also require studies on mouse
deficient in the mdrla/1b genes.

TABCA1 is necessary to transfer cholesterol to high-density lipoprotein, probably in asso-
ciation with other lipids because ABCA1 is now described first to coat apoA1 with
phospholipids and then to transfer cholesterol from the plasma membrane (42), which can
explain that the genetic disruption of ABCA1 induces more severe clinical disorders than
disruption of P-gp does. Indeed, P-gp should not be considered as the major regulation
mechanism of cellular cholesterol in the body because P-gp expression is not ubiquitous.
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